[1] Mars Global Surveyor Thermal Emission Spectrometer (MGS-TES) data are used to derive the modal mineralogy of spectrally distinct Martian low-albedo regions and to identify spatial trends in mineralogic assemblages. Results from this work are consistent with the major results of previous spectroscopic studies: (1) Plagioclase and clinopyroxene are the dominant minerals of most southern highlands regions, (2) the northern plains exhibit the lowest pyroxene abundance within Martian low-albedo regions, and (3) the highest concentrations of high-silica phase(s) are found in the northern plains, Solis Planum and a few southern high-latitude regions. Low-albedo regions may be classified into four units on the basis of relative abundances of plagioclase, pyroxene, and high-silica phase(s). Unit distributions between ±45°latitude exhibit moderate correlation with distinct provinces (e.g., Syrtis Major, Aonium Sinus) defined by large-scale morphology, elevation, and to some extent, surface age, suggesting that the spectral and compositional differences between these units are more strongly controlled by original bedrock mineralogy than by surface-atmosphere interactions and alteration. Syrtis Major exhibits a difference in mineralogy from the surrounding highlands suggesting a differing degree of fractional crystallization, assimilation, or source region composition. Areas with thick crust near the Tharsis Plateau exhibit lower abundances of olivine and greater plagioclase/ pyroxene ratios than surrounding highland terrains, suggesting that magmas in this region may have undergone increased olivine fractionation. Regions where surface alteration is more likely to be the primary control on observed spectral signatures are the high-latitude areas (>45°), where globally, surfaces dominated by high-silica phase(s) are most commonly found.
Introduction
[2] One of the primary goals of acquiring spectroscopic observations of Mars is to determine surface mineralogy. Understanding surface mineralogy is important because (1) it can be a record of hydrothermal activity and past climatic conditions, and (2) the composition of the planet interior, and the degree of variation in magma compositions may be inferred.
[3] A companion paper [Rogers et al., 2007] (hereinafter referred to as Paper 1) demonstrated that subtle, but spatially coherent infrared spectral differences exist between some Martian low-albedo regions. On the basis of the conclusions reached in Paper 1 that the spectral differences are likely due to spatial variations in mineralogy (primary and/or secondary phases), in this work we derive the mineralogy for spectrally distinct low-albedo regions and investigate the implications of the observed variations. Representative spectra from the low-albedo regions are grouped according to similar composition. The spatial distributions of these compositions are examined in the context of surface age, crustal terranes, elevation and latitude.
[4] Geologic context is useful where deciphering aspects of a region's geologic history from mineralogical information. However, even with context it is a challenge to relate the observed geologic record (preserved through stratigraphic relationships in composition and morphology) to the evolution of the Martian interior or alteration history. For example, much of the Noachian crust has probably been redistributed by meteorite impacts [e.g., Strom et al., 1992; Zuber, 2001] , and possibly also undergone mineralogical alteration due to impact-related shock [e.g., McSween, 1994; Stöffler and Langenhorst, 1994; Grieve et al., 1996; Johnson et al., 2002; Strom et al., 1992; Wright et al., 2004; Johnson et al., 2006] . Second, nearly all surfaces as observed from orbit are covered by loose particulate sediments, at the spatial resolution of the TES instrument ($3 Â 8 km) . Although it is likely that surface rocks and sand are at least regionally derived (within several hundred km) [e.g., Edgett and Christensen, 1991; Greeley and Kraft, 2001; Rogers and Christensen, 2003] , the actual distance they have been transported from their igneous or sedimentary source, and the fluid (wind or water) in which they were transported may be unknown. Third, there is strong evidence for past hydrothermal activity, standing bodies of water, and groundwater sapping and/or short-lived precipitation on the surface [e.g., Sharp and Malin, 1975; Carr, 1996; Aharonson et al., 2002; Hynek and Phillips, 2003; Christensen and Ruff, 2004; Mangold et al., 2004; Squyres et al., 2004; Howard et al., 2005; Irwin et al., 2005] ; these events are another source for physical and/or chemical crust modification. Fourth, surface alteration may affect the relative abundances of primary minerals [Colman, 1982; Eggleton et al., 1987; Michalski et al., 2004; Hurowitz et al., 2005; McAdam et al., 2006] . Therefore observed abundances could be misinterpreted as reflecting original igneous mineralogy [e.g., Michalski et al., 2004] . Fifth, primary high-silica volcanic glasses are potentially indistinguishable from some secondary amorphous or poorly crystalline high-silica materials in the thermal infrared spectral region [Bandfield, 2002; Wyatt and McSween, 2002; Kraft et al., 2003; Michalski et al., 2003; Morris et al., 2003; Ruff, 2004; Koeppen and Hamilton, 2005] , which complicates interpretation of high-silica phase(s) detected by the TES instrument. Finally, thermal infrared observations are only sensitive to the upper tens of microns of surface materials, leaving open the possibility that the remaining upper crustal materials have a different composition [e.g., Hamilton et al., 2003a] . Because of these complicating factors, spatial distributions in mineralogy cannot always be unequivocally attributed to a certain process or sequence of events. However, in some areas, the combined evidence from mineralogy and geomorphology convincingly record magmatic evolution (e.g., basalts and dacites in Nili Patera ) or aqueous processes (e.g., hematite-bearing units in Meridiani Planum and Aram Chaos deposited in water-rich environments [Christensen and Ruff, 2004; ). In this work, multiple interpretations of the results are presented, with identification of the most likely interpretation where possible.
Background

Remote Spectroscopic Observations
[5] Visible/near-infrared (VIS/NIR) and thermal infrared (TIR) remote spectroscopic observations have revealed much information about the mineralogy of the Martian surface (see reviews and summaries by Singer et al. [1979] , Soderblom [1992] , Roush et al. [1993] , Christensen et al. [2001] , Bibring et al. [2005] , and Christensen et al. [2005] ). On regional and global scales, pyroxenes, plagioclase, and high-silica phase(s) dominate the mineralogy of low-albedo regions. Pyroxene has been identified as a major component in Martian low-albedo regions with both VIS/ NIR and TIR observations [Adams and McCord, 1969; Singer and Roush, 1985; Bibring et al., 1990; Mustard et al., 1993; Bell et al., 1997; Moersch et al., 1997; Bandfield et al., 2000; Christensen et al., 2000a; Hamilton et al., 2001; Bandfield, 2002] . The presence of both high-Ca and low-Ca pyroxenes were reported using Phobos II Imaging Spectrometer for Mars (ISM) and Mars Express Observatoire pour la Mineralogie, l'Eau, les Glaces, et l'Activite (OMEGA) observations [Mustard and Sunshine, 1995; Mustard et al., 1997; Bibring et al., 2005; Mustard et al., 2005] . Low-Ca pyroxene is identified across broad areas (several hundred km 2 in area) in the cratered highlands, however, the relative abundance of high-Ca pyroxene is always greater than low-Ca pyroxene (ratios range from 80:20 to 60:40) . Plagioclase is another major component of Martian low-albedo regions [Bandfield et al., 2000; Christensen et al., 2000a; Hamilton et al., 2001; Bandfield, 2002] , and is usually more abundant than pyroxene [Hamilton et al., 2003a] . Finally, ''highsilica'' (meaning Si/O > $0.35 [after Michalski et al., 2005a] ) amorphous or poorly crystalline phase(s) are found in most low-albedo regions at abundances of 15 -20%; higher abundances are found in the north polar dunes, Acidalia Planitia, Solis Planum, and a few low-albedo areas in the southern highlands [Bandfield, 2002; Bandfield et al., 2002; Aben, 2003] . This high-silica component may be interpreted as primary volcanic glass [Bandfield et al., 2000; Hamilton et al., 2001 Hamilton et al., , 2003b , zeolites [Ruff, 2004] , amorphous silica coatings [Wyatt and McSween, 2002; Kraft et al., 2003; McLennan, 2003; Minitti et al., 2003 Minitti et al., , 2005 and/or poorly crystalline material in weathering rinds [Kraft et al., 2005; Michalski et al., 2005b] . In addition to amorphous silica, Wyatt and McSween [2002] also suggested phyllosilicates as possible candidates for the observed high-silica component, but lab studies and further TES data analyses have shown that phyllosilicates are less likely. Those interpretations are based on (1) differences between fundamental absorption positions of the TES highsilica phase(s) and those of phyllosilicates measured in the laboratory [Koeppen and Hamilton, 2005; Michalski et al., 2005a] , and (2) lack of evidence for both the 465 and 530 cm À1 absorptions associated with dioctahedral phyllosilicates in TES data [Ruff, 2003] . VIS/NIR spectra also do not show significant phyllosilicate absorptions in low-albedo regions [e.g., Soderblom, 1992; Blaney et al., 2003; Bibring et al., 2005] , providing further evidence against a phyllosilicate origin for the TES high-silica phase(s).
[6] Global-scale differences in thermal infrared spectral properties were identified by Bandfield et al. [2000] . Thermal emission spectra from low-albedo regions were classified into three groups: (1) Surface Type 1, which is generally concentrated in the southern highlands [Bandfield et al., 2000] , with a few isolated exceptions in the northern lowlands [Rogers and Christensen, 2003] , (2) Surface Type 2, which is primarily located in the northern lowlands but also has significant concentrations scattered throughout the southern highlands [Bandfield et al., 2000] , and (3) a spectral shape that is intermediate between, and can be modeled as a mixture of, the two surface types. The Surface Type 1 spectral shape has been interpreted as basalt [Bandfield et al., 2000; Christensen et al., 2000a; Hamilton et al., 2001; Wyatt and McSween, 2002] and Surface Type 2 has been interpreted as basaltic andesite [Bandfield et al., 2000; Hamilton et al., 2001] or basalt plus a secondary high-silica amorphous or poorly crystalline phase [Wyatt and McSween, 2002; Kraft et al., 2003; Morris et al., 2003; Wyatt et al., 2004; Michalski et al., 2005a] .
[7] Local-scale enrichments of high-Ca clinopyroxene, low-Ca pyroxene, and olivine have been mapped with both TIR and VIS/NIR data sets Hamilton et al., 2003a; Hoefen et al., 2003; Hamilton, 2004; Bibring et al., 2005; Christensen et al., 2005; Hamilton and Christensen, 2005; Mustard et al., 2005; Rogers et al., 2005] . Outcrops enriched in low-Ca pyroxene are limited to Noachian terrains, whereas high-Ca pyroxene and olivine-enriched regions are found in a wider range of age units Mustard et al., 2005] . Finally, local enrichments of phyllosilicates Poulet et al., 2005] , sulfates Gendrin et al., 2005] , quartz/feldspars Christensen et al., 2005; Hamilton, 2005] and gray crystalline hematite [Christensen et al., 2000b; Knudson and Christensen, 2004; have also been identified.
[8] These complementary spectroscopic observations provide constraints on the degree to which Martian meteorite lithologies are representative of the Martian surface [e.g., Hamilton et al., 2003a] . Shergottites typically contain both low-Ca and high-Ca pyroxenes. Proportions of these two pyroxenes have not been reported for all shergottites, but those with measured modal abundances have proportions that range from $1:1 to $18:1 [e.g., Stolper and McSween, 1979; McSween and Jarosewich, 1983; Treiman et al., 1994; Hale et al., 1999; Zipfel et al., 2000; Barrat et al., 2002; Taylor et al., 2002; Goodrich, 2003] . OMEGA data reveal that some areas exhibit low-Ca and high-Ca pyroxene proportions of 40:60 , which is approaching but not within the measured shergottite range listed above. Usually, the proportion of low-Ca pyroxene is much less than that of high-Ca pyroxene [Hamilton et al., 2003a; Mustard et al., 2005] . In addition, TIR spectra and derived plagioclase/pyroxene ratios from most low-albedo regions do not match the majority of the Martian meteorites [Bandfield et al., 2000; Christensen et al., 2000a; Christensen et al., 2001; Hamilton et al., 2003a] . Finally, TES-derived Mg/Al and Al/Si ratios from Surface Type 1, which spans Noachian and Hesperian terrains, are more similar to terrestrial basalts than to the Martian meteorites [McSween et al., 2003] . Therefore the basaltic Martian meteorites and their characteristic total pyroxene abundances are probably not representative of the bulk composition of the Martian crust [Bandfield et al., 2000; Hamilton et al., 2003a; McSween et al., 2003] . The Martian meteorites (except for ALH84001) may instead represent younger plume magmatism that was chemically different than the ancient crust [McSween et al., 2003 .
Global-Scale Spectral Variability
[9] Conclusions from both VIS/NIR and TIR spectral studies suggest that, with the exception of many localscale enrichments of various mineral types Hamilton et al., 2003a; Hoefen et al., 2003; Christensen et al., 2005; Bibring et al., 2005; Gendrin et al., 2005; Hamilton and Christensen, 2005; Mustard et al., 2005; Rogers et al., 2005; Martinez-Alonso et al., 2006] , low-albedo regions are generally homogeneous on a regional scale but vary in mineralogy from region-to-region [e.g., Erard et al., 1991; Mustard et al., 1997; Bandfield et al., 2000; Bandfield, 2002; Rogers et al., 2007] . Recent results from the Gamma Ray Spectrometer (GRS) also suggest regional crustal differences in elemental composition [Taylor et al., 2006] . In this work, we use additional spectral detail extracted from the TES data set (Paper 1) to present new and refined compositional units and their distributions. The distributions and derived mineralogy are used to discuss implications for surface alteration and development of the crust. New consideration of the nature and aspects of Surface Type 2 [Bandfield et al., 2000] is included in the discussion.
Approach
[10] The approach in this work is different than previous TIR global composition studies [e.g., Bandfield, 2002 Bandfield, , 2003 ] in that we address region-to-region differences in modal mineralogy. Spatial distributions of mineralogic Figure 1 . Names and locations of geographic areas discussed in this work. The background image is TES albedo . The albedo range shown is 0.07 (darkest tones) to 0.35 (lightest tones). Figure 2 . Representative spectral shapes from Paper 1, for which modal mineralogy is derived using linear deconvolution [Ramsey and Christensen, 1998 ]. Thin lines indicate the standard deviation for each spectrum. assemblages, rather than a single mineral group, are examined in an effort to understand their relationship to crustal evolution and alteration. This paper contains references to various age and crustal terranes. A map of geographic locations discussed in this work is provided in Figure 1 . Additionally, the terms ''region''/''regional'' and ''localscale'' are used throughout this paper. In this work, these terms generally refer to areas on the order of $10 4 to 10 6 km 2 and $10 1 to 10 3 km 2 , respectively. [11] Spectral differences between large, low-albedo regions are first determined (Paper 1), and then modal mineralogy is derived for each spectrally different region. Using this method, a regionally dominant modal mineralogy may be derived, and global trends in the distribution of mineralogic assemblages can be better visualized. The potential disadvantages are that (1) pixels that are modeled as mixtures of these spectral shapes can be difficult to interpret and that (2) local-scale enrichments in a single mineral group may be obscured. However, locating smallscale mineral concentrations is not the purpose of this study. Finally, spectral differences between each representative shape are subtle (Paper 1), therefore the derived mineralogy for one shape will not necessarily be statistically unique from all other shapes. The spectral shapes (Figure 2 ) are grouped into compositional units by similarity in derived bulk mineralogy, and the global distribution of each compositional unit is determined by summing the concentration maps ( Figure 3 , derived in Paper 1) for each representative shape that is part of that unit.
[12] Eleven spectral shapes representative of Martian low-albedo regions were derived in a companion paper using TES data (Paper 1). One of these, the southern Acidalia representative shape, may be influenced by thin dust coatings (Paper 1). It would be inappropriate to use a linear combination of coarse-particulate mineral spectra to model spectral features that may be due to dust coatings, therefore a modal mineralogy for that spectral shape is not derived in this work. In addition, a lower confidence level was afforded to a second spectral shape, found primarily in the Pandorae Fretum region (Paper 1). The Pandorae spectral shape is also excluded.
[13] Modal mineralogy associated with each of the nine remaining spectral shapes (Figure 2 ) is derived using the linear deconvolution method [Ramsey and Christensen, 1998 ], from 307 -1301 cm
À1
. In this method, a library of 47 potential spectral end-members (Table 1 ) is used to fit the TES-derived spectral shape in an linear least squares fashion, whereby spectra used in negative (and therefore geologically meaningless) concentrations are iteratively removed from the set until only library spectra with positive concentrations remain in the solution. Using this method, it is possible that a correct low-abundance end-member may be ejected from the solution [Bandfield et al., 2000; Seelos and Arvidson, 2003] ; however, in practice, this rarely occurs [e.g., Feely and Christensen, 1999; Hamilton and Christensen, 2000; Seelos and Arvidson, 2003] . One indication that a correct end-member may have been dropped is if the RMS error decreases upon lowering the number of library spectra allowed in the model. In this work, we evaluate the numerical uncertainty associated with the modeled abundances of the major components from this technique using three different methods.
[14] First, phases that were typically modeled in low abundance (<5%), but above zero, were alternately excluded from the library set, to evaluate the influence of these minor components on the derived abundances of the dominant phases. These minor components are quartz, amphiboles, and orthoclase. In addition, it was found that the presence/absence Mineral spectra are from the ASU spectral library available online at http://tes.asu.edu [Christensen et al., 2000c] , with the following exceptions, denoted by letters in parentheses after entries: (a) provided by S. W. Ruff, samples described by Ruff [1998] ; (b) Johnson et al. [2002] ; (c) provided by V. E. Hamilton, described by Hamilton [2000] ; (d) provided by V. E. Hamilton, samples described by Morse [1996] ; (e) described by Ruff [2004] ; (f) described by Michalski et al. [2005a] ; (g) described by ; (h) described by Michalski et al. [2003] ; (i) provided by M. D. Kraft (personal communication, 2005) ; (j) derived from TES data, described by Glotch et al. [2004] ; and (k) derived from emission phase function observations with TES by Bandfield and Smith [2003] . Bold text designates end-members that comprise the skeleton library. See text for details.
b Spectrum was scaled to produce comparable spectral contrast to that of other solid clays in the ASU library. See text for details.
of pigeonite in some cases affected the modeled abundance of other phases in a similar manner to orthoclase, therefore we also evaluated the influence of pigeonite on the final derived mineralogy. Model results from each of the five library variations were examined to ensure that there were (1) no significant changes in the derived abundance of the major components, and (2) no decrease in RMS error where one of these minor phases was excluded from the library set. Neither of these effects were observed for eight of the nine spectral shapes. In those cases, results from the five models using the standard library were averaged and reported with one standard deviation ( Table 2) . These deviations give a sense of the range of abundances observed where these minor phases were excluded. For the Meridiani spectral shape, however, two model results were dropped before averaging. This is discussed in more detail in section 4.1. The advantage of this approach to mineral abundance estimation is that the major components are derived from an average of multiple model attempts, which avoids a bias in mineralogical results that might arise from using only one spectral library. A consequence is that the abundances of small components (e.g., quartz and amphiboles) will be decreased.
[15] Second, a skeleton library consisting of a minimum amount of spectra to account for all major igneous and alteration mineral types (24 spectra), was compiled for use. The skeleton library was used to corroborate the major phase abundances derived from the standard library runs, but was not used in the final average. Abundances derived using the skeleton library matched those derived using the full library to better than 5% for the major components (plagioclase, highCa clinopyroxene, low-Ca pyroxene, olivine, and high-silica phases), with two exceptions: (1) the Meridiani shape was modeled with 10% more high-silica phases using the skeleton library, and (2) the Tyrrhena shape was modeled with 10% more plagioclase using the skeleton library. The Meridiani shape is discussed further in section 4.1. For Tyrrhena Terra, the modal abundances derived from the skeleton library are adversely affected by the lack of olivine spectra present in that library. This was evident from examining the derived mineralogy using the full library; the model results included olivine spectra that were not present in the skeleton library.
[16] One last check on the derived mineralogy comes from least-squares fitting with nonnegativity constraints [Lawson and Hanson, 1974] . This technique differs from Ramsey and Christensen [1998] in that all potential endmembers are kept in the design matrix while the algorithm finds the nonnegative coefficients for each spectrum that provide the best fit to the mixed spectrum. A similar approach was applied to deconvolution of TES data by Seelos and Arvidson [2003] . The benefit is that the possible, though rare [Feely and Christensen, 1999; Bandfield et al., 2000; Hamilton and Christensen, 2000] effect of a correct end-member being dropped in the iterative process is avoided. To be consistent with previous studies, the derived mineralogy using the method of Ramsey and Christensen [1998] as described above is reported in Table 2 ; however, the least-squares fitting method of Lawson and Hanson [1974] is used to corroborate the final derived mineralogy and classification. In applying this method, we found that the abundance of all phases for all spectral shapes agreed to within 5% of the iterative method, with two exceptions:
(1) the model result for the Meridiani shape yields 9% low-Ca pyroxene abundance (as opposed to 3% with the iterative method), and (2) Solis Planum high-silica phase abundance is lower than iterative models by 6%.
[17] Finally, notes about the source of each spectrum in our library are listed in the footnotes of Table 1 , however here we provide more detail about the illite and saponite spectra used. The only available illite spectrum in the ASU library was collected from a ''granular'' sample, meaning gravel-sized particles broken from ''solid'' samples [Piatek, 1997] . ''Solid'' clay samples in the ASU library were prepared by mixing silt-sized clay powders with water, forming the mixture into 2 cm diameter discs, and allowing the samples to dry at room temperature for approximately one week [Piatek, 1997] . The actual particle sizes of the granular samples, though generally labeled as ''gravel''-sized, were not measured and could have varied between and within individual samples. Thus the spectra from solid clay disc samples are preferred over the granular samples when available, because any differences in spectral feature depth between the granular forms of each of the available clay samples could be due to physical effects, as opposed to natural spectral contrast differences. Conversely, the best available saponite spectrum is from a pressed pellet of <0.2 micron particles [Michalski et al., 2005a] , which exhibits a spectral contrast much deeper than the average contrast of the solid samples. If phyllosilicates exist in Martian low-albedo regions, plausible forms could range from coarse grained particles to rock coatings [Michalski et al., 2005a] , meaning that the spectral contrast of either the ''granular'', ''solid'', or pressed pellet samples could be appropriate. The solid samples are intermediate in contrast between these three options. To avoid overestimating or underestimating the relative abundance of illite and saponite relative to other phyllosilicates and primary minerals in our library, we chose to scale the illite and saponite spectra to match the average spectral contrast of solid clays in the ASU library. Adjusting the contrast has no influence on which minerals are ultimately chosen in the best fit solution during deconvolution. However, it is possible that the actual clay abundances could be misrepresented if clays on the Martian surface have a spectral contrast much lower or higher than the average solid clays in the ASU library. In this work, phyllosilicates were typically modeled in abundances of less than 5%; inappropriate scaling of these endmembers would result in a maximum absolute error of 3%. For Solis Planum and N. Acidalia, phyllosilicates were modeled in abundances between 10 and 15%; in these cases the maximum absolute error from inappropriate scaling is 6 -9%.
Results
Derived Mineralogy
[18] Derived mineralogy for each spectral shape (Figure 2 ) is given in Table 2 . For the Meridiani spectral shape, two model results were dropped from the average-those derived using the full library and those from the quartzexcluded library. RMS errors actually improve if either pigeonite, orthoclase, or amphiboles are excluded from the full library (errors of 0.127%, 0.124%, 0.123%, respectively vs. 0.151% for the full library). In addition, orthoclase abundance using the full library was 15% greater than that of the other models. Finally, the RMS error using the skeleton library was slightly lower than that of the full library (0.145% versus 0.151%), further indicating that the results using the full library were suspect. The model fit noticeably worsened with the quartz-excluded library (RMS errors of 0.180%) and produced similar mineralogical results to the full library, therefore it was also excluded from the average.
[19] In general, plagioclase, high-Ca clinopyroxene, and high-silica phase(s) are the dominant mineral groups for most regions (Table 2 ). Additional mineral groups are modeled at or below the detection limit for normalized abundances ($5 -15%, depending on the mineral group [Christensen et al., 2000a ), including orthopyroxene, olivine, pigeonite, carbonate, sulfate, and amphibole (Table 2 ). The average mineralogy determined for these regional surface emissivity shapes (Table 2 ) may reflect either a homogeneous surface composition for that region, or a mixture of the regional composition with abundant local-scale outcrops that are enriched in a particular mineral group, such as olivine.
[20] A new result of this work is that some regions exhibit equal abundances of plagioclase and total pyroxene, and in some areas, total pyroxene abundance exceeds plagioclase abundance (Table 2 ). This result was not recognized in previous studies because high-and low-Ca pyroxene abundances were not summed. However, after revisiting the mineral maps of Bandfield [2002] , it was found that those maps also show areas with greater total pyroxene abundance, in agreement with this study. Thus plagioclase does not always dominate the mineralogy of all low-albedo regions; however, it is rarely present at significantly lower abundance than the total pyroxene fraction ( Table 2) .
[21] In some regions, low-Ca pyroxenes (orthopyroxene, pigeonite) and olivine are modeled at or above the traditional TES detection limits (Table 2) . Additionally, modeled abundances of orthopyroxene and olivine differ by up to 13 and 11%, respectively, between regions (Table 2 ). These differences are also right at the standard detection limits. Because olivine and low-Ca pyroxene abundances are not well-above the detection limits, there may be some concern that using them to help classify the spectral units into mineralogical groups is questionable. However typically, if low-Ca pyroxene or olivine are modeled at a greater-thanaverage abundance, it is accompanied by a lower-thanaverage abundance of one of the major phases that is well above the detection limit, such as plagioclase. Thus low-Ca and olivine are never used as sole discriminators where classifying the spectral shapes into compositional groups. On a global scale, observations from OMEGA data show that low-Ca pyroxene is widely distributed in the Noachian highlands, although at lower abundances than high-Ca pyroxene Mustard et al., 2005] . The availability of supporting mineralogic data from OMEGA allows us to examine low-Ca pyroxene distributions, despite their low abundances relative to plagioclase, high-Ca pyroxene, and high-Si phase(s). Therefore, in this work, we explore observed mineralogic trends with these phases included.
Classification of Spectral Units by Mineralogy
[22] The spectral shapes were classified by their relative abundances of plagioclase, olivine, low-Ca pyroxene, highCa clinopyroxene, and high-silica phases. Sulfate, carbonate, amphibole, hematite, and quartz abundance vary by <6% between regions, and therefore are not used in spectral classification. A minimum-distance hierarchical clustering algorithm [e.g., Anderberg, 1973] was used to group the spectral shapes. Each spectral shape may be considered as a point in five-dimensional space whose coordinates are defined by its modal abundance of plagioclase, olivine, low-Ca pyroxene, high-Ca pyroxene, and high-silica phases. The algorithm calculates the distance between each of these points, and then merges the two closest points into a cluster. It then looks for the next two closest points, and merges them. If either of those two points were already in a cluster, the stray point is added to the cluster. If neither point is already in a cluster, a new one is formed. The algorithm continues in this fashion until all points are in a single group. At each merge step, the algorithm returns the distance between the two points that were combined. Because all points eventually end up in the same group, the user must decide where to stop the merging of clusters. In this work, we simply used the first natural break in calculated minimum distance to halt the clustering (Figure 4 ). This resulted in a total of four clusters, or compositional groups.
[23] The four compositional groups are: (1) N. Acidalia + Solis Planum, (2) Syrtis Major, (3) Tyrrhena Terra + Hesperia Planum + Cimmeria-Iapygia + Meridiani, and (4) Aonium-Phrixi + Mare Sirenum. These classes may be visualized on a ternary diagram in Figure 5a , with the following mineral groups as vertices: plagioclase, ferromagnesian silicates (olivine + pyroxene), and high-silica phase(s). A second ternary diagram displaying high-Ca pyroxene, low-Ca pyroxene, and olivine on the vertices was also constructed (Figure 5b ). The divisions from the clustering algorithm are evident in the mafic mineralogy as well, with the exception of Meridiani, which has a lower abundance of low-Ca pyroxene than the others in its group. Although the Meridiani spectral shape is modeled with a slightly lower low-Ca pyroxene abundance than the other spectral shapes in Group 3, there is reason to suggest that the Meridiani shape may in actuality have more low-Ca pyroxene than derived in Table 2 (3%). Model results from the skeleton library yield 7% low-Ca pyroxene abundance. In other cases where the skeleton library results showed greater low-Ca pyroxene abundance than the standard library, it was accompanied by a $5-10% mismatch in olivine abundance. However, for the Meridiani spectral shape models, there is agreement to within 2% olivine between the standard and skeleton libraries. In addition, nonnegative least-squares fitting using the Lawson and Hanson [1974] method (section 3) indicates $10% lowCa pyroxene abundance. Finally, basaltic sands encountered by the Mars Exploration Rover Opportunity within Meridiani Planum contain $10% low-Ca pyroxene [Glotch and Bandfield, 2006] . Spectra from the hematite unit in Meridiani Planum were not used in the ''Sinus Meridiani'' regional average shape (Paper 1); however, if it is assumed that the sands are similar to the surrounding Sinus Meridiani region, then this further suggests that perhaps the low-Ca pyroxene abundance in Table 2 is too low.
[24] The four compositional units are separated by $10% or greater differences in plagioclase, high-Ca pyroxene, and high-silica phase(s). Differences of 10% or greater in olivine and low-Ca pyroxene abundance are also present between some groups. Group 1 consists primarily of high-silica phase(s) ($30-35%), plagioclase ($30%), and orthopyroxene ($15%). Group 2 surfaces consist primarily of high-Ca clinopyroxene ($30%), plagioclase ($30%), and high-silica phase(s) ($10%). Group 3 surfaces consist primarily of plagioclase ($25%), high-Ca clinopyroxene ($20%), highsilica phase(s) ($15-20%), low-Ca pyroxene ($5 -15%), and olivine ($10 -15%). Group 4 is characterized by $35-40% plagioclase, $20% high-Ca pyroxene, $15-20% highsilica phase(s) and low ($5% or less) abundances of olivine and low-Ca pyroxene.
[25] These units cover the range of variability observed in the derived mineralogy for each representative spectral shape (Table 2) . Although the spectral differences between these four groups are subtle, they are comparable to spectral variation associated with terrestrial mafic and intermediate volcanic rocks (Figure 6 ). 
Distribution of Spectral Unit Classes
[26] Distributions for the spectral unit classes defined in Figure 4 are shown in Figure 7 . Surfaces that exhibit albedo values >0.15 are masked out. One exception to this is the region between 24 -35°S, 265 -273°E (Solis Planum), which is masked on albedo values greater than 0.17 (Paper 1). Some pixels are modeled as a mixture of two or more spectral unit classes. For quantitative comparisons of mineralogy with age, latitude, and elevation, only pixels with summed concentrations greater than 0.5 for each group are used. A generalized age map (Figure 7 ) was compiled using the simple cylindrical global geologic unit maps of Scott and Tanaka [1986] , Greeley and Guest [1987] , and Tanaka and Scott [1987] . Transitional units between Noachian and Hesperian and between Hesperian and Amazonian ages were grouped into the younger of the two ages, after Solomon et al. [2005] . A MOLA elevation map was generated from the MGS Mars Orbiter Laser Altimeter (MOLA) elevation data binned at 128 pixels-per-degree [Smith et al., 2001] .
[27] Surfaces with the highest abundance of high-silica phase(s) (Group 1) are concentrated in the northern lowlands, Solis Planum, and scattered throughout the southern mid-to high-latitude regions. Surfaces with the lowest abundance of high-silica phase(s) (Groups 2 -4) are concentrated throughout the southern highlands, including southern mid-to high-latitude regions. Nearly all of the occurrences ($85%) of the N. Acidalia-Solis Planum group (Group 1) with concentrations greater than 0.5 are located in Hesperian terrains (Figure 7) . With the exception of surfaces in Solis Planum, Group 1 is primarily found at latitudes greater than $45°N, with a few occurrences found south of 45°S (Figure 8 ), generally between $90°E and 270°E. Whereas the northern high latitudes are dominated by Figure 7 . Maps of summed concentrations for each of the four compositional groups discussed in section 4.2 and shown in Figure 5 . Each map covers the area À180°E to 180°E, 70°S to 70°N. Latitude ticks are spaced every 35°, and longitude ticks are spaced every 45°. Concentration values greater than 1.0 occur because the values represent the percentage of spectral feature depth of the nine spectral endmembers. Some surfaces have greater spectral contrast than the end-members defined in Paper 1. For reference, a simplified age map [Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka and Scott, 1987] , color coded using the scheme of Solomon et al. [2005] , and a MOLA elevation map are shown. Areas that are black or with no data have TES surface albedo values greater than 0.15 , with the exception of the Solis Planum region (24°S-35°S, 265°E -273°E) (refer to Paper 1). The southern Acidalia region has no concentration values because modal mineralogy was not derived for that region (section 3). Group 1, the southern high latitudes contain additional groups. Finally, although there are several Group 1 surfaces located at elevations between 500 and 4000 m above datum, most of the elevated concentrations are found at low altitudes (Figure 8 ).
[28] Group 2 is located almost exclusively in Syrtis Major. Approximately 95% of the Group 2 occurrences with >0.5 concentration are found associated with Hesperian-aged surfaces.
[29] Group 3 is located exclusively in the southern highlands, and is the most widespread of the four units. Approximately 75% of the Group 3 surfaces with >0.5 concentration are found in Noachian terrains, whereas 25% are found in Hesperian terrains (Figure 7) . Elevated concentrations are generally only found south of 20°N, but they are found over a wide range of altitudes (Figure 8 ).
[30] Group 4 is located primarily in the southern highlands, south of 20°S latitude, with approximately 45% of Group 4 occurrences in Noachian terrains and 55% found in Hesperian terrains. The majority of Group 4 occurrences are found in low-albedo areas surrounding the Tharsis province ( Figure 7 ). Group 4 concentrations greater than 0.5 are generally found at elevations between 500 and 4000 m above datum (Figure 8 ).
Comparison With Previous Spectroscopic Results
[31] In general, the derived modal mineralogy for each representative shape compares well with the mineral concentration maps of Bandfield [2002 Bandfield [ , 2003 , once normalized for blackbody. Regions modeled with the highest abundance of high-silica phase(s) are northern Acidalia and Solis Planum, in agreement with Bandfield et al. [2000] and Bandfield [2002 Bandfield [ , 2003 . Regions modeled with the highest abundance of clinopyroxene are Syrtis Major, Tyrrhena Terra, Cimmeria Terra, Iapygia, Protei Regio, Sinus Meridiani and areas in Sinus Margaritifer [Bandfield, 2002] , also in agreement with this study. In this work, plagioclase abundance is relatively constant on a global scale (varying between $25 and 35%), with Hesperia, Tyrrhena and Meridiani having the lowest abundances. Normalized plagioclase abundance maps from Bandfield [2002 Bandfield [ , 2003 also show a narrow range of abundances between 25 and 35%, with Meridiani and Hesperia having some of the lowest abundances; however in that work, areas in Thaumasia, Mare Sirenum and parts of Cimmeria also have slightly lower plagioclase abundances. Finally, areas with the highest plagioclase to pyroxene ratios of Bandfield [2002 Bandfield [ , 2003 are Acidalia, western Solis Planum, Pandorae Fretum, and the southern mid-to high-latitude regions, similar to this work (Table 2) .
[32] Notable differences between this work and that of Bandfield [2002] are that Solis Planum is modeled with $10% lower high-silica phase(s) abundance and $10% greater orthopyroxene abundance in this study. In addition, some parts of the northern Acidalia region are modeled with a lower total pyroxene abundance in the work of Bandfield [2002] compared to this study. Finally, Aonium Sinus has the highest plagioclase to pyroxene ratio in this study; however, this region does not stand out in a plagioclase/pyroxene ratio map derived from the distributions of Bandfield [2002 Bandfield [ , 2003 . Inconsistencies between the results of this and previous work are due to the following: (1) differences in wavelength range used for spectral fitting, (2) differences in spectral libraries used for modeling (particularly the addition of olivine spectra [Hamilton and Schneider, 2005] ), (3) the use of multiple libraries versus a single library to derive modal mineralogy, and (4) differences in the approach to mapping spatial variations in mineralogy (section 3).
[33] The distributions of relative differences in mafic mineral abundances from this work are generally consistent with VIS/NIR observations from ISM [Mustard et al., 1993; Mustard and Sunshine, 1995; Mustard et al., 1997] and Mars Express OMEGA Mustard et al., 2005; Le Mouélic et al., 2006] . Because some regions are modeled as mixtures of more than one spectral class, direct correlation of unit distributions with OMEGA maps are precluded. However, the major similarities are presented here. Martian dark regions in the southern highlands are dominated by high-Ca clinopyroxene-bearing basaltic rocks, similar to VIS/NIR results [Mustard et al., 1993; Bibring et al., 2005; Mustard et al., 2005] . In the southern highlands regions, orthopyroxenes are modeled at lower concentrations than high-Ca clinopyroxenes, also consistent with VIS/NIR observations . Southern highlands areas with greatest low-Ca pyroxene abundance mapped thus far by OMEGA include Cimmeria, Iapygia, and parts of Meridiani and Margaritifer Sinus, which is mostly consistent with this work (the lowCa pyroxene abundance modeled for Meridiani in this work is lower than that of Cimmeria-Iapygia, section 4.2). A particularly good correlation between the data sets is found near the southern boundary of Syrtis Major, where there is a notable difference in low-Ca pyroxene abundance between Syrtis and Iapygia in OMEGA mineral maps . This difference is also observed in TES data ( Figures  5 and 7) . Gaps in OMEGA coverage preclude comparison for all regions with relatively higher low-Ca pyroxene abundances (e.g., Solis Planum) from this study. As additional OMEGA data are obtained, further comparisons to the results of this study can be made.
[34] Although both TES and OMEGA results indicate that the northern plains exhibit the lowest total abundance of pyroxene of all low-albedo regions, one apparent discrepancy between the two data sets is that low-Ca pyroxene is modeled at higher abundance than high-Ca pyroxene in northern Acidalia with TES data (Table 2) [see also Bandfield, 2002, Figure 2] . Conversely, the OMEGA team reports that only high-Ca pyroxene is present in the northern plains, and at low abundance Mustard et al., 2005] . Exclusion of low-Ca pyroxenes from the end-member set does to some extent adversely affect the model fit to the northern Acidalia spectral shape (RMS error of 0.136% versus 0.187%), suggesting that they are important components. Although Bibring et al. [2005] report that only high-Ca pyroxene is present in the northern lowlands, OMEGA pyroxene abundance maps do show that parts of northern Acidalia and northern Utopia exhibit higher abundance of low-Ca pyroxene than high-Ca pyroxene . These are the areas from where TES spectra were extracted to produce the northern Acidalia representative shape (Paper 1). Additionally, preliminary mineral maps produced by Le Mouélic et al. [2006] with OMEGA data also suggest the presence of orthopyroxene in northern Acidalia, so it may be that the two data sets are in agreement in these areas.
Discussion
Global Compositional Trends
[35] On the basis of differences in plagioclase, pyroxene, olivine, and high-silica phase abundance, the nine representative spectral shapes from low-albedo regions (Figure 2) were divided into four groups (section 4.2). The spectral differences between these four groups are subtle; however they are comparable to spectral variation associated with terrestrial mafic and intermediate volcanic rocks (Figure 6 ). Given the regional averaging used to produce the representative spectra (Paper 1), and the previous evidence that Mars has probably experienced little crustal recycling [e.g., Borg et al., 1997; Zuber, 2001; McSween et al., 2003; Wieczorek and Zuber, 2004] and limited chemical weathering [e.g., Christensen et al., 2001; Goetz et al., 2005; Haskin et al., 2005; Yen et al., 2005; Christensen et al., 2005; Hamilton et al., 2005] , the lack of extreme spectral variations measured in this work (that might be expected for concentrated secondary mineralization or silicic crust) is not surprising.
[36] By classifying the representative spectral shapes into four groups, distinct boundaries are, by definition, imposed on these spectral classes. In actuality, the mineralogic differences are more gradational within and between each group (Table 2 ). In particular, Group 3 exhibits the most variability in derived mineralogy. Although it is primarily distinguished by relatively low plagioclase, intermediate high-Ca pyroxene, and high olivine abundance, the abundance of low-Ca pyroxene varies by $10%. Nonetheless, these divisions help to visualize global-scale spatial trends in modal mineralogy.
[37] The minimum mineral abundance differences that separate Groups 2 -4 are $10-15%, which is the traditional detection limit for TES data [Christensen et al., 2000a] . In addition, in this work we report and interpret $10% differences in olivine and low-Ca pyroxene abundance as part of overall unit composition, even though these phases are modeled at or close to the detection limit. The variations in low-Ca pyroxene abundance reported here are largely in agreement with those observed in OMEGA data. For the following discussion, we accept the global-scale compositional trends apparent from this study as accurate and interpret them. Future work that re-addresses detection limits defined for TES data may help to validate the mineralogic divisions suggested here. Regardless of the mineralogic interpretations, it is important to note that the spectral differences between these regions are valid (Paper 1); mineralogic estimates may be refined in the future as more information becomes available.
Implications for Surface Alteration
[38] On the ternary plot of plagioclase -ferromagnesian silicates -high-silica phase(s), there is no single trend toward increasing abundance of high-silica phase(s) or toward any particular mineral group (Figure 5a ). Thus these global trends cannot be attributed entirely to weathering of feldspars and/or mafic minerals and subsequent formation of phyllosilicates or allophane/amorphous silica. Compositional units between 45°S and 45°N (Groups 2 -4) exhibit moderate correlation with distinct terrains defined by largescale morphology, geographic/topographic province, and to some extent, surface age, suggesting control by primary bedrock units (Figure 7 ). For example, although high-silica phase(s) also differ, the most significant differences between Groups 2 and 3 are that Group 3 has a $10% lower high-Ca pyroxene abundance and $10% higher abundance of low-Ca pyroxene. These mineralogic changes are also observed in OMEGA data, especially for Syrtis Major and surrounding areas. For Groups 3 and 4, high-silica phase abundances are similar, and compositional differences are primarily with plagioclase, low-Ca pyroxene and olivine abundance. It is difficult to imagine a weathering scenario that could produce the observed relative differences in highand low-Ca pyroxene. In summary, these observations indicate that alteration is not a significant process contributing to spectral variations in low-albedo regions equatorward of ±45°latitude. Differences in the primary mineralogy of crust-forming lavas dominate the spectral variations observed with TES data.
[39] The Northern Acidalia + Solis spectral group (Group 1), which is dominated by high-silica phase(s) (>30%), and generally corresponds to the original Surface Type 2 spectral shape derived by Bandfield et al. [2000] , is found primarily at latitudes greater than 45° (Figure 8a ). This distribution strongly suggests that high-latitude (>45°) occurrences of high-silica phase(s) are alteration products (amorphous to poorly crystalline aluminosilicates or zeolites, section 2.1.). As previously suggested by Wyatt et al. [2004] and Michalski et al. [2005a] , surface alteration at high latitudes was likely enabled by the availability of surface H 2 O and possibly linked to the locations of oncepresent snow deposits [Mustard et al., 2001; Milliken et al., 2003] .
[40] The possibility that high-latitude occurrences of high-silica phase(s) are due to alteration raises additional questions about when the alteration occurred and what the composition of the unaltered substrate was. It is unclear how long coatings could survive on sand grains in an active, saltating environment (see Paper 1 for a lengthier discussion), but it is likely that coatings would eventually be removed after a large (though unknown) number of saltation impacts [e.g., Sagan, 1973; Huguenin, 1976; Greeley et al., 1982; Kraft and Greeley, 2000] . This suggests that highlatitude surface alteration occurred either relatively recently, or that altered sands were recently exposed. Alternatively, it is possible that the rate of coating formation exceeds or equals that of coating removal, and coatings may have been formed and removed repeatedly throughout Mars' history.
[41] The composition of the unaltered or uncoated substrate from which Group 1 may have been derived is also of interest. Was it similar to or different than the average highlands composition? First, the pyroxene mineralogy of the plains of northern Acidalia and other high-silica surfaces are dominated by the low-Ca variety (Table 2 ). This mineralogy is unlike the highlands, where high-Ca pyroxene is the dominant pyroxene (Table 2 ). In addition, highlatitude, high-silica surfaces (Group 1) exhibit more than 10% lower pyroxene abundance, and $5% greater plagioclase abundance relative to the average and most widespread basalt composition in the equatorial and midlatitude regions (Group 3). Thus if the Group 1 surfaces consist simply of average highlands basalt that was altered to produce high-silica coatings, the implication is that pyroxene was strongly preferentially weathered to produce highsilica phase(s). Experimental weathering studies suggest that either plagioclase or pyroxene can be preferentially dissolved from basalts, depending on the solution conditions (e.g., pH, temperature) [e.g., Hurowitz et al., 2005; McAdam et al., 2006] . If preferential weathering of an average highlands basalt did occur, then uniform weathering conditions across Group 1 areas are implied. This is not an unreasonable suggestion, however, given the difference in pyroxene mineralogy described above, we think a more likely explanation is that the substrate lithology was different than that of the average highlands (Group 3). That substrate mineralogy might have consisted of a higher plagioclase abundance, and possibly higher abundance of less-stable phases such as glass and/or olivine [e.g., Colman, 1982; Tosca et al., 2004] relative to pyroxene, compared to the average highlands composition. The substrate lithology for surfaces dominated by high-silica phase(s) is not required to be the same at both northern and southern high latitudes. For example, the northern plains of Acidalia may have contained a higher fraction of olivine or glass, whereas the southern high latitudes may have contained a higher fraction of plagioclase. In summary, we suggest that differences between Group 1 surfaces and the average highlands basalt (Group 3) could be due to a combination of igneous and alteration processes.
[42] It is important to note that units equatorward of 45°c ontain 10 -20% abundance of high-silica phase(s). In addition, there are three regions that are dominated by high-silica phase(s) (>30%), in which a primary origin for the high-silica phase(s) is either more likely or just as likely as a secondary origin. These are Solis Planum (latitude ffi 28°S), the north polar dunes , and lava flows in Nili Patera . A primary origin is particularly evident in the Nili Patera region, where the geologic context strongly argues for the presence of volcanic glass . Nili Patera contains a well-defined $1090 cm À1 feature that is clearly better fit with obsidian glass than phyllosilicates , indicating that secondary highsilica phases in the form of phyllosilicates may be ruled out. However, zeolites and secondary amorphous silica probably cannot be discounted on that basis. The stubby lava flow that contains $30% high-silica phases overlies a basaltic caldera floor, in which only $5% high-silica phases are modeled [Christensen et al., 2005, Figures 4 and 5] . Both units contain $35% plagioclase. It seems unlikely that the younger unit would contain a greater abundance of alteration phases, whereas the older basaltic unit would have essentially none. Thus the stratigraphic relationship of these units suggests that the high-silica phase is primary in origin. Finally, ''Clovis''-class rocks in the Columbia Hills of Gusev Crater appear to be dominated by basaltic glass-like components [Ruff and the Athena Science Team, 2006] , despite the fact that these rocks may have undergone substantial alteration [Squyres et al., 2006] . The Columbia Hills and Nili Patera are at least Hesperian in age, which suggests that glasses have been capable of surviving billions of years on the Martian surface without having been completely weathered away. Therefore it is not unreasonable to suggest that glasses may indeed be contributing to the high-silica phase(s) detected by TES in other areas. Either way, the global occurrences of surfaces dominated by high-silica phases (e.g., high latitudes, Solis Planum, Nili Patera) indicate that more than one process produced large areas dominated by these phases on Mars. Both volcanic and alteration mechanisms remain viable explanations for all high-silica surfaces on Mars.
Implications for Crustal Development
[43] Results from this work confirm those of previous studies [Bandfield et al., 2000; Christensen et al., 2000a; Bandfield, 2002; Hamilton et al., 2003a; McSween et al., 2003] , that there is a substantial fraction of plagioclase (>$25%) present in Martian low-albedo regions, including Noachian and Hesperian terrains. It has been suggested that Noachian-aged lithologies that contain both low-and highCa pyroxenes were derived from source regions that were strongly depleted in aluminum [Mustard et al., 1997 . However, these outcrops are located in terrains that contain abundant plagioclase. Thus those source regions could not have already been strongly Al-depleted; however, perhaps the formation of those ancient terrains contributed to the Aldepletion event, as previously suggested by Hamilton et al. [2003a] .
[44] It is possible that the high modal abundances of plagioclase were achieved through fractional crystallization of melts from Al-depleted sources; however, there is specific confirmation of the existence of at least one early Hesperian-aged Al-undepleted source region [McSween et al., 2006] . APXS measurements of fresh surfaces of Gusev plains basalts revealed Mg/Al and Al/Si ratios similar to terrestrial basalts, and >35% normative plagioclase [Gellert et al., 2004; Christensen et al., 2004; McSween et al., 2004 McSween et al., , 2006 . The basalts contain up to 30% olivine, which is probably phenocrystic, suggesting that Gusev magmas (and presumably their Al-contents) were not affected by significant fractionation [McSween et al., 2006] . Despite the low abundances of incompatible elements and presence of normative hypersthene plus olivine in Gusev basalts , McSween et al. [2006] conclude that Al-undepleted mantle sources must have persisted after the Noachian time period.
[45] Whereas the Noachian terrains do not show evidence of source regions that were already strongly Al-depleted, plagioclase/pyroxene ratios do vary within the southern highlands (Table 2) , which span a range of ages. From this study it should be possible to investigate whether progressive Al removal from the mantle is recorded between Noachian and Hesperian terrains. In a simple model of continued melt extraction from mantle reservoirs that produced Noachian crust, unmodified, primitive melts that formed Hesperian lavas should contain less Al than the older crust. Accordingly, modal proportions of plagioclase should decrease from Noachian to Hesperian terrains. However, a decrease in plagioclase abundance is not observed between Noachian and Hesperian surfaces (e.g., between Groups 3 and 2, or Groups 3 and 4, or, within Group 3). This indicates that additional processes must have affected Hesperian mantle melts (loosely represented by Groups 2 and 4). One explanation is that lavas in Group 2 terrains may have undergone increased fractionation of low-Ca pyroxene and olivine, relative to Group 3 terrains. Alternatively, these magmas may have had a significant assimilated crustal component. Finally, it is also possible that Syrtis and other Hesperian lavas may have been derived by partial melting of another source (the crust). Because the degree of fractionation and/or assimilation is unknown, it is difficult to constrain the Al-depletion state of the Group 2 and 4 (generally, Hesperian-aged) source regions. It is not clear if the original, unmodified melts were derived from a relatively undepleted mantle source, such as that of Gusev crater basalts, or a slightly Al-depleted source relative to Noachian magma source regions.
[46] Another example of possible melt modification by fractionation is the Aonium-Phrixi compositional unit (Group 4). Group 4 surfaces exhibit a decreased abundance of olivine, and increased plagioclase/pyroxene ratio, relative to Group 3. The most spatially contiguous concentration of Group 4 surfaces is broadly correlated with Hesperian units near the Tharsis plateau. In this example, it is possible that olivine and pyroxene were preferentially weathered from Group 4. However, Group 4 surfaces are located in topographically high areas relative to Group 3 (Figure 8b ), suggesting that alteration is a less probable explanation for the observed differences because liquid water is less likely to be stable. An alternative explanation for the relative decrease in olivine abundance is that magmas in Group 4 regions underwent a slightly higher degree of olivine fractionation. If the observed topographic high in the Thaumasia/Aonium/ Phrixi area is due to isostatic adjustment of a relatively uniform-density crust (e.g., the Group 4 composition is not representative of rock composition at depth in this region), then the crust may be thicker in this area [e.g., Zuber et al., 2000] . The thicker crust could have facilitated the increased fractionation of olivine relative to other highland terrains. Alternatively, if this compositional unit does extend at depth, compensation of the associated topographic high in Thaumasia/Aonium/Phrixi may have been achieved by a decrease in crustal density in this region.
[47] In the preceding paragraphs we have mostly discussed the implications for the type localities of the spectral classes derived in this work. The explanations given may not apply to all of these regions. For example, the Pandorae region, which is dominated by the Aonium-Phrixi spectral class (Group 4), may have a different explanation for the observed mineralogy. Similarly, Hesperia Planum probably has a different history than Sinus Meridiani, even though they are both in Group 3. In summary, we have addressed some geological implications of the global-scale trends, but regional-scale differences in geologic history are almost certain.
Conclusions
[48] Mars is a planet with a complex history influenced by volcanic, hydrologic and sedimentary process; therefore a simple model of crustal evolution and surface alteration should not be expected. It is likely that all of these processes have contributed to the global compositional trends identified in this work. Only detailed studies using multiple wavelength regions and geologic context, improved spatial resolution, and future rover missions will help to gradually unravel the complex geologic history of Mars. Neither a primary nor a secondary origin for the high-silica component measured with TES can be ruled out; and, this work does not unequivocally determine that observed variations in mineralogy are caused only by original crustal variations in primary mineralogy or solely by weathering processes. Nevertheless, the following conclusions may be made.
[49] 1. Martian low-albedo regions primarily consist of plagioclase, pyroxene, olivine, and high-silica phase(s). Low-albedo regions were classified into four groups, based on relative abundances of these phases.
[50] 2. Mineralogic variations associated with original crust-forming magmas are at least partially responsible for the observed spectral differences between some Martian low-albedo regions.
[51] 3. Some Hesperian terrains exhibit a difference in mineralogy from Noachian terrains and from each other, suggesting variations in the degree of crystal fractionation, assimilation, and/or source region compositions. Areas in topographically high regions near the Tharsis Plateau (e.g., Thaumasia, Aonium Sinus, Phrixi Regio) exhibit lower abundances of olivine and greater plagioclase/pyroxene ratios than surrounding highland terrains, suggesting that magmas in this region may have undergone increased olivine fractionation, possibly facilitated by thicker crust.
[52] 4. Surfaces with the greatest abundance of high-silica phase(s) are primarily found in latitudes poleward of ± 45°. Elevated abundances are also located in western Solis Planum (this work and Bandfield [2002] ). High-latitude high-silica phase(s) are probably secondary in nature, as suggested by previous authors [Wyatt et al., 2004; Michalski et al., 2005a] ; however, a volcanic origin cannot be ruled out. In other regions, such as in Nili Patera, high-silica phase(s) are probably primary in origin (also this paper, section 5.2). It is likely that both magmatic and alteration processes are contributing to the observed global distribution of high-silica phase(s).
[53] 5. If the high-latitude high-silica phases are secondary, the substrate mineralogy was likely different than that of the average cratered highlands. That original mineralogy for the high-silica surfaces is not required to be the same for both the northern and southern high-latitude regions. Thus both igneous and alteration processes may be contributing to the spectral differences between Group 1 and Group 3 surfaces. These groups loosely correspond to the original Surface Type 2 and Surface Type 1 terrains defined by Bandfield et al. [2000] .
[54] 6. Results from this work are consistent with most of the major results from previous orbital spectroscopic analyses, in that (1) plagioclase and high-Ca clinopyroxene are the dominant components of most southern highlands regions, (2) the highest concentrations of high-silica phase(s) are found in the northern plains, Solis Planum and a few southern high-latitude regions, and (3) the northern plains exhibit the lowest pyroxene abundance within Mars' low-albedo regions.
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